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The effect of 5-HT on activity of noradrenergic locus coe- 
ruleus (LC) neurons was studied using microiontophoretic 
and micropressure drug application in anesthetized rats. 5-HT 
had no consistent effect on LC spontaneous discharge, elic- 
iting a modest decrease overall. However, 5-HT reliably at- 
tenuated responses of LC neurons to excitatory amino acids 
(EAAs), one of the major classes of transmitters in afferents 
to these neurons. This effect was specific for EAA responses 
because it occurred for glutamate and kainate but not for 
ACh. In contrast, iontophoretic norepinephrine (NE) selec- 
tively attenuated spontaneous activity but not responses 
evoked by either glutamate or ACh. The responsiveness of 
LC neurons to EAAs as quantified by a response-contrast 
measure (evoked excitation/basal activity) was markedly re- 
duced by 5-HT, but was increased by NE. For ACh, such 
responsiveness of LC cells was not changed by 5-HT, but 
was increased by NE. The effects of 5-HT were prevented 
and reversed by iontophoretically applied antagonists of 5-HT 
receptors, methysergide and methiothepin. Thus, 5-HT ap- 
pears to selectively interact with EAA responses of LC neu- 
rons, acting as a filter to attenuate LC activity linked to its 
major EAA inputs while allowing other channels afferent to 
the LC (e.g., those utilizing ACh) to be expressed. 

The nucleus locus coeruleus (LC) receives a dense innervation 
of serotonergic fibers and terminals in both the rodent (Pickel 
et al., 1977; Steinbusch, 1984; Pieribone et al., 1989) and the 
primate (Pieribone et al., 1988). Substantial 5-HT input to the 
rat LC is also indicated by high levels of 5-HT (5hydroxytryp- 
tamine; Pujol et al., 1978; McRae-Degueurce and Milon, 1983) 
of 5-HT uptake in tissue samples including LC (Leger and Des- 
carries, 1978; McRae-Degueurce et al., 198 l), and by substantial 
5-HT binding in the LC (Weismann-Nanopoulos et al., 1985). 
This prominent innervation indicates that 5-HT may play an 
important role in regulating discharge of noradrenergic LC neu- 
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rons, a role that could have significant functional implications 
for brain 5-HT systems. Given the role proposed for the nor- 
adrenergic LC system in vigilance and attention (Aston-Jones 
and Bloom, 198 1; Aston-Jones, 1985, 1988; Aston-Jones et al., 
1990b, in press), stress (Svensson, 1987; Valentino, 1988; Val- 
entino and Wehby, 1988), and various clinical disorders (re- 
viewed in Aston-Jones et al., 1984) 5-HT inputs to the LC may 
extend the functional influence of central 5-HT systems beyond 
that directly conveyed by the ubiquitous 5-HT fiber projections. 
In particular, interactions between serotonergic and noradren- 
ergic systems have been implicated in control of the sleep-wak- 
ing cycle (Jouvet, 1969; Hobson et al., 1986; McCarley and 
Massaquoi, 1986) depression (Koslow et al., 1983; Meltzer and 
Lowy, 1987; Seiver, 1987) pain (Segal, 1979; Mokha et al., 
1985; Jones and Gebhart, 1987, 1988) and anxiety (Redmond 
and Huang, 1979; Charney and Redmond, 1983; Chamey et 
al., 1983, 1987; Uhde et al., 1984; Kahn et al., 1988; Eison, 
1989). The 5-HT innervation of the LC is a possible substrate 
for such proposed interactions. 

Despite the functional implications of this anatomical con- 
nection between monoamine systems in brain, the effect of 5-HT 
on activity of LC neurons has been little investigated. Intra- 
venous 5-HT, agonists or hallucinogens potentiate the sensory 
responsiveness of LC neurons in anesthetized animals (Agha- 
janian, 1980; Rasmussen and Aghajanian, 1986; Rasmussen et 
al., 1986; Chiang et al., 1990); this effect appears to be mediated 
at an extracoerulear 5-HT synapse. In the only study of the 
effects of directly applied 5-HT on LC neurons in vivo, Segal 
(1979) reported that this agent inhibited basal LC discharge and 
decreased responsiveness of LC neurons to painful stimuli. 

In the present study, we have reexamined 5-HT’s action on 
LC discharge in vivo using more recently developed microion- 
tophoretic and micropressure techniques for local drug appli- 
cation. In particular, recent studies reveal that activation of LC 
neurons by noxious stimuli is mediated by an excitatory amino 
acid (EAA) input (Ennis and Aston-Jones, 1988; Rasmussen 
and Aghajanian, 1989a,b). This result, in view of Segal’s ob- 
servation (Segal, 1979) that 5-HT decreased responses of LC 
neurons to noxious stimuli, led us to systematically investigate 
possible interactions between 5-HT and glutamate (Glu) in the 
LC. Our results reveal that 5-HT has no pronounced or con- 
sistent effect on basal LC discharge, but that this agent potently 
and selectively attenuates responses of LC neurons to EAAs. 

Some of these results have been published in short commu- 
nications (Chouvet et al., 1988a,b). 
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Table 1. Discharge rates of LC neurons during local applications of 5-HT, Glu, and ACh 

Basal discharge Rate with Rate with Rate with 5-HT 
Agent tested rate Glu or ACh alone 5-HT alone + Glu or ACh 

Glu(n= 116) 2.4 f  0.1 5.1 f  0.2** 2.0 f  0.1** 3.3 f  0.2**t 
ACh (n = 11) 2.6 k 0.4 5.3 * 0.7** 2.6 f  0.5 4.9 f  0.1 

All observations in each row were made on the same population of cells, n = 1 I6 or n = I I, as indicated. All rates are 
eiven in mikes per set (mean f  SEM). **. D < 0.01 when comoared to basal discharge rate; t, p < 0.01 when compared . . ~ 
lo rate with agent alone; 2-tailed paired Student’s t test 

Materials and Methods 
Surgery. Subjects for this study were 30 male, albino Sprague-Dawley 
rats (300-350 gm; OFA strain, IFFA-Credo, France). Animals were 
initially anesthetized with halothane (2%) via a face mask while the 
femoral vein was catheterized (11 animals) and a tracheal cannula was 
implanted. Animals were then anesthetized with a halothane-air mix- 
ture (0.8-l .2%) administered with spontaneous respiration through the 
tracheal cannula. Body temperature was maintained at 37°C with a 
feedback-controlled heating pad. The animals were mounted in a ste- 
reotaxic device, an incision was made to expose the dorsal skull surface, 
and the snout was lowered to place bregma 2 mm below lambda. A 
craniotomy (3-5-mm diameter) was drilled over the coordinates for the 
LC (3.8-4 mm caudal to the lambda suture crossing, and 1.2 mm lateral 
to the midline), and the dura and pia were carefully removed. 

Microelectrodes. Eight-barrel composite micropipettes were used for 
recording extracellular impulse activity from single neurons and si- 
multaneously applying pharmacologic agents by microiontophoresis or 
by micropressure. Electrodes were manufactured in 2 stages. First, a 
7-barrel pipette array was made by heating and pulling a bundle of 7 
capillary tubes while twisting them 120”, producing a single fine tip 
containing all 7 barrels. This tip was broken back to a total diameter 
of 12-20 pm, and the shank was heated and bent at a 20” angle 10 mm 
from the tip. The tip was then positioned immediately adjacent to that 
of a single-barrel recording micropipette (2-4-pm tip diameter) using 
precision micromanipulators so that the recording pipette tip extended 
12-20 Frn beyond the 7 barrel tip. The pipettes were permanently joined 
in this position using light-sensitive dental cement (Silux, 3M). All 
pipettes were cemented together on the day of the experiment. 

Drug application. Prior to recording, each pipette of the 7-barrel array 
was filled with one of the following agents: 5-HT HCI (0.2 M; pH, 4; 
Sigma), norepinephrine bitartrate (NE; 0.2-0.5 M; pH, 4; Sigma), mono- 
sodium glutamate (Glu; 0. l-l M; pH, 8; Sigma), acetylcholine chloride 
(ACh; 0.2 M; pH, 4; Sigma), clonidine HCI (0.1 M in 0.2 M NaCI; pH, 
4; Boeringher Mannheim), kynurenic acid (Kyn; 0.2 M; pH, 8; Sigma), 
kainate (0.2 M; pH, 8; Sigma), saline (NaCl, 154 mM), magnesium chlo- 
ride (Mg; 0.1 0; 1 .O M),methiothepin maleate (MTT, 1 O-30 mM; pH, 
4: Hoffman La Roche. Switzerland). meteraoline (MTG: 20 mM: DH. 
3L4; Farmitalia, Italy),’ or methyserGde makate (MTS; 2b mM; pk; 3- 
4; Sandoz, Switzerland). All solutions except MTT and MTG were 
dissolved in deionized water, and if necessary, pH was adjusted with 
HCI or NaOH (0.1 or 1 .O M). MTT and MTG were dissolved in deion- 
ized water with the aid of a few drops of 1 M tartaric acid. Glu, Kyn, 
kainate, ACh, and Mg were aliquoted and stored at - 20°C until used; 
all other solutions were made fresh daily. 

The center and 1 outer barrel of each pipette contained saline for 
automatic current balancing and for control ejections of saline with 
balanced current. A 5-channel current pump with programmable timer 
(Bionic Instruments) was used for drug delivery by iontophoresis with 
automatic current balancing and precisely controlled currents and times 
of application. Drugs were ejected with positive currents and retained 
with negative currents except for Glu, Kyn, and kainate, which were 
ejected with negative, and retained with positive currents. Iontophoretic 
currents of up to 200 nA were used for drug ejections, and retaining 
currents of 5-20 nA were used to retard leakage of drugs from pipettes 
between periods of ejection. Drugs were applied either as regularly re- 
peating pulses (typically lO-20-set pulse durations, with 20-60-set in- 
terpulse intervals) or continuously. Pipette barrels were “warmed up” 
before data acquisition for each drug and each cell by ejecting drug with 
the desired test current and temporal pattern until a stable response 
appeared (typically requiring 2-5 min). In some experiments, 1 barrel 
of the 7-barrel array was also connected to a pneumatic ejection device 

(Medical Systems PPM-2), allowing ejection of drug from the same 
pipette barrel by means of pressure or current. 

Recording techniques. Filtered (300 Hz to 10 kHz band-pass signal; 
AC) and unfiltered (DC) recording pipette signals were amplified (Grass 
P 16 preamplifier), discriminated, displayed, and stored on analog tape 
using conventional electronics. Spikes were used for data only if they 
were superimposing impulses from a single neuron with amplitudes at 
least 3 times the noise level. Discriminator output pulses and analog 
signals proportional to the magnitudes of iontophoretic currents were 
fed to a chart recorder (Gould 2600) after integration over l-5 set, as 
well as to a microcomputer (via Cambridge Electronic Design 1401 
interface and software) for display, storage, and later analysis off line. 

Extracellular recordings from LC neurons were identified on line by 
their characteristic discharge properties, including (1) a prominent ini- 
tially positive waveform in unfiltered signals, (2) a broad, notched wave- 
form (typically with initial segment and late positive spike components, 
especially in filtered signals), (3) slow tonic basal discharge (typically l- 
4 spikes/set), and (4) a brisk, phasic excitatory response to painful 
stimuli such as contralateral paw pinch, followed by a prolonged period 
(about 1 set) of postactivation inhibition (Cedarbaum and Aghajanian, 
1976: Anhaianian et al.. 1977: Aston-Jones et al., 1980. 1982. 1984). 

Ex~er&n&tal protocdl. Whkn a single neuron ‘was isolated, sponia- 
neous discharge was recorded for at least 3 min before drug tests. For 
several cells, 5-HT was pulsed (typically 20-60-set pulses) to examine 
possible effects on spontaneous discharge; in other neurons, the effects 
of 5-HT on basal discharge were only examined between pulses of Glu 
or ACh. Glu was regularly pulsed (typically 1 0-set pulses), and current 
was adjusted to produce a response of 2-3 times baseline activity. When 
stable responding was established, 5-HT was continuously applied (over 
2-3 min) simultaneously with the pulsed Glu. Glu pulses continued for 
at least 2 min after cessation of 5-HT to determine recovery from 5-HT 
effects. Similarly, for the same or for a different cell, ACh alone was 
regularly pulsed (typically 20-30-set pulses) until a stable response was 
observed, and then 5-HT was continuously co-applied for 2-3 min, 
followed by ACh pulses alone again for 2 min after cessation of the 
5-HT application to ascertain recovery. In several cases, ACh was tested 
before Glu on the same cells; results were similar for this order oftesting. 
For some cells, NE was substituted for 5-HT in the above paradigm (in 
some cases, the same cell was tested with both 5-HT and NE with pulses 
of Glu and ACh). Also, for some cells, Glu was given continuously, and 
5-HT or NE was co-applied in pulses onto the neuron recorded. 

Data analysis. Negative current (10 PA for 10 min, pulsed at 0.1 Hz) 
was used to deposit pontamine sky blue dye from the tip of the recording 
micropipette in most brains; subsequent histologic analyses demon- 
strated that such recording sites were located in the compact nucleus of 
noradrenergic LC neurons. These results, and those of our previous 
experiments (Aston-Jones et al., 1984), led us to conclude that all neu- 
rons recorded with the characteristic discharge properties described above 
were obtained from LC neurons. Because the nucleus LC in the rat is 
composed almost entirely of noradrenergic neurons (Foote et al., 1983; 
Aston-Jones et al., 1984), we further conclude that these results were 
obtained from noradrenergic neurons. 

Cells yielding stable, high-quality recordings throughout testing pro- 
cedures were subjected to quantitative analysis; cells that were lost dur- 
ing testing, that did not recover from a drug treatment, or that yielded 
unstable responses to Glu or ACh were used only for qualitative ob- 
servations. All spike counts were taken from computer records of in- 
tegrated (5-set bin width) impulse activity. Basal discharge rates of 
individual cells were determined for at least 3 separate IO-set epochs 
preceding pulses of Glu or ACh. The influence of locally applied agents 
on LC discharge was quantified using the mean firing rate during at least 
3 applications. 
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Figure 1. Effects of S-HT and NE on spontaneous activity of an LC 
neuron. A, Oscilloscope photograph of response of an LC neuron to 
iontophoretic application of NE (10 nA; bar below): same recording as 
for the last pulse of NE on the chart record in B. Calibration: horizontal, 
1 min; vertical, 1 mV. B, Iontophoretic 5-HT (100 nA; open bar) had 
little effect on spontaneous discharge of this same LC neuron, while NE 
at much lower currents (as indicated by solidbars) inhibited spontaneous 
activity. Calibration, 2 min. 

A criterion of at least 15% change from baseline activity was used 
during drug application for individual cells to estimate the number of 
neurons responsive to a particular transmitter agent. This criterion rep- 
resents a change of approximately 2 standard deviations from baseline 
activity characteristic of LC cells in anesthetized animals (determined 
from within-cell variability measurements). 

Comparisons of absolute firing rates of the same cells under different 
conditions (Table 1) were performed using the 2-tailed paired Student’s 
t test. Other comparisons were performed with the nonparametric Wil- 
coxon signed ranks test for paired observations and a significance cri- 
terion ofp < 0.05. 

To examine the effects of NE and 5-HT on the responsiveness of LC 
neurons to Glu and ACh, the response of LC neurons to Glu or ACh 
during continuous application of 5-HT or NE was expressed as a per- 
centage of the response magnitude (R,,) elicited by Glu or ACh applied 
to the same cell alone. The response magnitude for Glu or ACh alone 
was determined for each cell during a series of at least 3 pulses and was 
defined as the mean number of spikes during the last 10 set of each of 
3 iontophoretic pulses minus the mean number of spikes during the 10 
set preceding that pulse. 

The Glu or ACh response contrast (R,,,) was also determined for each 
cell. The response contrast for Glu or ACh alone was defined as the 
corresponding ratio of response magnitude : basal rate. If  one assumes 
that basal activity corresponds to cellular “noise,” and evoked activity, 
to “signal,” this measure would be the signal-to-noise ratio for evoked 
LC responses. The response contrast for Glu or ACh in the presence of 
continuous 5-HT or NE was expressed as a fraction of the response 
contrast for Glu or ACh alone observed for the same cell. 

Changes in response magnitude or response contrast elicited by 5-HT 
or NE were statistically analyzed by comparing normalized values in 
the presence of these agents (% response magnitude or relative response 
contrast) to 100 or to 1 (corresponding to baseline response magnitude 
or response contrast, respectively). 

Results 
Basal discharge. Two hundred thirty-two neurons with dis- 
charge properties characteristic of LC neurons (described in Ma- 
terials and Methods) were recorded in 30 rats. Recordings with 
composite microelectrodes were consistently of high quality, 
typically yielding stable impulse waveforms of0.5 mV or greater 
(approximately 10 times baseline noise level; see Figs. 1, 4). 

The sample of 232 LC neurons exhibited basal discharge rates 
of 0.4-7.5 spikes/set, with a median rate of 2.0 spikes/set and 
a mode around 1.8 spikes/set. The mean (?SEM) basal dis- 
charge rate for this population of LC neurons was 2.3 ? 0.1 
spikes/set, similar to rates reported in previous studies using 
halothane anesthesia (Aston-Jones et al., 1984). The basal dis- 
charge of some cells, however, was probably elevated by Glu 
leaking from the iontophoretic pipette despite continuous re- 
taining current (described below). 

Response to 5-HT or other agents given alone. Iontophoretic 
(50-200 nA; n = 136 cells) or micropressure-applied 5-HT (lo- 
20 psi; n = 15 cells) yielded inconsistent effects on basal LC 
discharge (Fig. 1 B). Using a response criterion of at least a 15% 
change in activity, iontophoretic 5-HT decreased activity of 
many cells (5 l/ 109 neurons) but increased activity (91109 neu- 
rons) or had no effect on many other LC neurons (49/ 109 cases). 
Overall, basal activity was reduced 14 + 2% by iontophoretic 
5-HT (n = 109 cells; p < 0.01; Table 1) and 10 & 3% by 
micropressure-applied 5-HT (n = 7). 

In contrast, other putative transmitter agents in the same 
pipettes and applied to the same LC neurons yielded pro- 
nounced, consistent results. Rapid and potent inhibitory re- 
sponses were elicited by iontophoresis of NE (23/25 cells; Fig. 
1) or of GABA (13/13 cells; data not shown). Iontophoretic 
clonidine also inhibited each of 3 LC neurons tested, though 
with a longer latency of action than for NE (30 set or more 
compared to about 5 set; data not shown). In addition, 201 of 
211 LC neurons were reliably and potently activated by Glu 
(Figs. 2,3; Table 1); activation by Glu typically required currents 
of lo-50 nA for 5 sec. For several cells, increasing the retaining 
current for Glu from + 5 to + 20 nA substantially decreased 
basal activity, indicating that Glu leakage with normal retaining 
currents (5-10 nA) may have been sufficient to increase impulse 
activity. LC cells were also strongly activated by the EAA agonist 
kainate (6/6 cells tested; data not shown); sensitivity to this agent 
appeared to be higher than that to Glu. Finally, LC neurons 
were reliably activated by ACh (22/25 cells; Figs. 3, 4; Table 
1), though higher currents and longer pulses (typically 50-l 50 
nA for 15 set) were required compared to Glu or kainate. 

Serotonergic attenuation of response to Glu. As shown in Fig- 
ure 2, 5-HT consistently decreased responses of LC neurons to 
iontophoretic Glu. Typically, 5-HT (50-200 nA) reduced ex- 
citation evoked by Glu (the R,,, for Glu in the presence of 5-HT 
= 43 + 4% of the R,,, for Glu alone; n = 109; p < 0.01) while 
having little or no effect on the level of basal activity of the 
same neuron (Table 1). Such attenuation of Glu-evoked acti- 
vation by 5-HT was, in fact, independent of its effects on basal 
activity, such that Glu responses were reduced by 5-HT even 
for cells exhibiting increased basal activity after administration 
ofthis agent (Fig. 20, as well as for those in which 5-HT elicited 
a decrease (Fig. 2A) or no change in resting discharge (Fig. 
2B,E,F). 

We noted that, though 5-HT consistently attenuated re- 
sponses of LC neurons to Glu, in most cases, such responses 
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FIgwe 2. Computer-generated integrated activity-time histograms, revealing interactions of 5-HT and Glu on LC discharge. A, Pulses of Glu 
(applied at solid bars) activate a typical JC neuron. Co-iontophoresis of S-HT (applied at open bars), but not of saline (applied at stippled bar), 
attenuates Glu response but has little effect on basal discharge. B, Pulses of 5-HT (applied at open bars) elicit little effect on basal activity (at left) 
but substantially reduce tonically enhanced activity elicited by continuously applied Glu (applied at solid bars). Note that the EAA antagonist Kyn 
(applied at hatched bar) also decreases tonic Glu-evoked discharge, mimicking effect of 5-HT. C, Iontophoretic 5-HT (applied at open bar) attenuates 
Glu responses (applied at solid bars) even in cases where 5-HT increases basal discharge, as here. D, 5-HT applied by pressure (at open bars) 
attenuates responses to iontophoretic GJu (applied at solid bars), mimicking effect of iontophoretic 5-HT. Note the slow recovery after 5-HT 
application. E, 5-HT applied by pressure or by iontophoresis (at open bars) on the same cell and with the same barrel has the same effect of 
decreasing responsiveness to Glu (applied at solid bars). F, Increased responsiveness to Glu (applied at solid bars) after cessation of an iontophoretic 
pulse of 5-HT (applied at open bars). Different neurons are displayed in A-F. Ordinates, number of spikes per 5 set; abcissas, time. Calibration, 2 

were not entirely blocked, even when 5-HT currents were in- 
creased. In addition, 8 cells (7%) displayed a prominent increase 
in response to Glu immediately after cessation of 5-HT appli- 
cation (Fig. 2F). This effect was not studied in detail. 

Two series of experiments were performed to confirm that 
the decrease of Glu responsiveness effected by iontophoretic 
5-HT was not an artifact of the iontophoretic technique. (1) For 
most cells, the same current used to eject 5-HT was passed 
through the side barrel containing saline; automatic current bal- 
ancing through the center barrel was routinely used with both 
5-HT and saline iontophoresis. As depicted in Figure 2A, saline 
iontophoresis never mimicked the effect of 5-HT. Moreover, 
similar effects of 5-HT were also observed when automatic cur- 
rent compensation was not used, indicating that current artifacts 
were negligible with these pipettes and currents. (2) 5-HT was 
applied by micropressure through the same (iontophoretic) pi- 
pette barrel, and results were compared to those with ionto- 
phoretic application. As can be seen in Figure 2, D and E, results 
with micropressure-applied 5-HT closely resembled those found 

for iontophoretic 5-HT, with 14 of 15 cells tested exhibiting 
decreased responsiveness to Glu in the presence of 5-HT (the 
R,,, for Glu in the presence of 5-HT applied by pressure = 3 1 
? 6% of the R,,, for Glu alone; n = 7; p < 0.05). There was 
no difference between the decreases in Glu responses induced 
by 5-HT co-applied by iontophoresis versus by pressure (Mann- 
Whitney U test for nonpaired samples, p > 0.26). In addition, 
the same cells (n = 3) tested with both iontophoretic and pressure 
application of 5-HT from the same barrel exhibited similar 
decreases of Glu responses (Fig. 2E). Finally, the specificity of 
Glu effects was demonstrated by the ability of the EAA antag- 
onist Kyn to block Glu-induced activation of the LC (4/4 cells 
tested with Kyn iontophoresis, 6/7 cells tested with pressure- 
applied Kyn; Fig. 2B). 

We analyzed the decrease in the absolute value of the Glu 
R,,, induced by 5-HT to determine if it varied with the R,,, 

for Glu before 5-HT application. There was a strong positive 
correlation between these 2 factors (r = 0.78; p < 0.01) indi- 
cating that 5-HT attenuated large Glu responses more than small 
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Figure 3. Effects of 5-HT on responses of LC neurons to ACh. A, 
Iontophoretic 5-HT (applied at open bar) does not attenuate, and even 
slightly augments, responses to iontophoretic ACh (applied at solid bars). 
B, 5-HT iontophoresed at high current (applied at open bar) fails to 
attenuate responses to ACh (iontophoresed at solid bars) even in cases 
where basal activity is reduced, as here. Note that application of saline 
(at stippled bar) has no effect on either basal or ACh-evoked activity. 
Different neurons are shown in A and B. Calibrations are as in Fig- 
ure 2. 
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responses. Thus, there was a similar level of activity in the 
presence of Glu plus 5-HT independent of the initial respon- 
siveness to Glu alone. 

In addition, 5-HT applied by micropressure attenuated kain- 
ate-induced excitation in 3 of 5 cells tested (data not shown). 
Micropressure application of Kyn also blocked kainate excita- 
tions in the 1 cell tested. 

In&ctivenes.s of 5-HT on responses to ACh. The specificity 
of 5-HT’s action on Glu responsivity was tested by examining 
its effects on responsiveness of LC neurons to ACh. In contrast 
to its attenuation of Glu responses, 5-HT did not decrease re- 
sponses of LC neurons to ACh (Figs. 3, 4A; Table 1). ACh 
responses were not reduced for 5 of 6 cells with 5-HT applied 
by iontophoresis, nor for 4 of 5 cells with micropressure appli- 
cation of 5-HT (the Rmag for ACh in the presence of 5-HT = 99 
+- 11% of the Rmug for ACh alone; n = 11; p > 0.60). Responses 
to ACh remained intact even in cases where 5-HT reduced LC 
basal discharge rate (Fig. 3B). 

Noradrenergic attenuation of basal, but not evoked, LC activ- 
ity. As a further test of 5-HT’s specificity in attenuating Glu 
responses, its effects were compared to those of iontophoretic 
NE. As shown in Figure 4, NE and 5-HT had strikingly different 
influences on LC activity. Whereas 5-HT reliably attenuated 
responses to Glu without prominently altering basal discharge 
or responses to ACh, amounts of NE sufficient to strongly de- 
crease basal activity did not decrease responses to co-applied 
Glu or ACh. 

The effects of 5-HT and NE on evoked LC activity are com- 

Figure 4. Comparison of NE and 5-HT effects on responses to Glu 
and ACh for the same LC neuron. A, NE applied with a long pulse of 
low current (at hatched bars) inhibits basal activity but leaves responses 
evoked by Glu (applied at solid circles, upper truce) or ACh (applied at 
solid bars, lower truce) intact. In contrast, 5-HT applied in long pulses 
(at open bars) does not affect basal discharge rate, but attenuates re- 
sponses to Glu (upper truce). Note that, though responses to Glu are 
attenuated by 5-HT, responses of the same neuron to ACh remain intact 
during application of 5-HT (lower truce). Both traces were recorded 
from the same LC neuron. Calibrations are as in Figure 2. B, Filtered 
micropipette recording, showing LC extracellular impulses during ion- 
tophoretic application of 5-HT, NE, and Glu. For this typical LC neuron, 
responses to Glu (applied at solid bars) are attenuated by iontophoresis 
of 5-HT (applied at open bar, middle truce) while basal discharge rate 
is little affected. In contrast, iontophoretic NE (applied at hatched bar, 
lower truce) attenuates basal discharge but is less effective on Glu re- 
sponses. All traces were recorded from the same LC neuron (different 
from neuron in A). Calibration, 1 mV (ordinates), 1 min (abcissas). 

pared in Figure 5 with normalized values of Rmag and R,,, for 
both Glu and ACh (see Materials and Methods for computation 
of Rmag and R,,,). As illustrated in Figure 5, 5-HT markedly 
decreased the R,,, for Glu overall (p < 0.01) and, because it 
had little effect on baseline activity, also substantially decreased 
the R,,, observed for Glu in the LC (p < 0.01). However, the 
Rmag and R,,, for ACh were not affected by 5-HT (p > 0.60 for 
each). A very different pattern of effects was found for NE. NE 
did not significantly influence the Rmag for either Glu- or ACh- 
evoked activity in the LC 0, > 0.12 and 0.20, respectively; Fig. 
5A), but by virtue of its potent suppression of basal discharge, 
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Effect of 5-HT on : Effect of NE on : 

A 

Effect of 5-HT on : Effect of NE on : 

Glu 

XY 

ACh Glu ACh 

Figure 5. A, Effect of 5-HT (open bars) or NE (hatchedbars) on average 
i SEM R,,, elicited by Glu or ACh, as indicated. The R,,, under 
S-HT or NE was calculated for each cell as percentage of the R,,, for 
Glu or ACh alone on the same cell (see Materials and Methods for 
calculation of R,,,). Changes in R,,, elicited by 5-HT or NE were 
statistically analyzed by comparing such values in the presence of these 
agents (%R,,,) to 100 (baseline R,,,). Note that 5-HT (iontophoresis 
or pressure) significantly attenuated responses to Glu (n = 116; **, p < 
0.0 l), but not to ACh (n = 11; p > 0.60), and that NE did not significantly 
alter the average R,,, for either Glu (n = 10; p > 0.10) or ACh (n = 4; 
p > 0.20). B, Effect of 5-HT (open bars) or NE (hatched bars) on average 
k SEM R,.,, for Glu and ACh, as indicated (R,,, = R,,,lbasal activity): 
same cell population as in A. The R,,, under 5-HT or NE was calculated 
for each cell as a fraction of the R,,, for Glu or ACh alone on the same 
cell. Changes in R,-,, elicited by 5-HT or NE were statistically analyzed 
by comparing such values in the presence of these agents (relative R,,,) 
to 1 (baseline R,,,). Note that 5-HT substantially decreases the R,,, for 
Glu (**, p < 0.01) but not for ACh (p > 0.60), while NE, because of 
its attenuation of basal discharge, markedly increases the R,,, for both 
Glu (**, p < 0.01) and ACh (*, p < 0.05). Note also the different scales 
for 5-HT effects (indicated at left) versus NE effects (indicated at right). 

NE markedly increased the R,,, in the LC for both Glu and ACh 
(p < 0.01 and p < 0.05, respectively; Fig. 5B). 

Attenuation of 5-HT effects by antagonists. To test whether 
the observed effects were mediated by 5-HT receptors, the 5-HT 
receptor antagonists MTS, MTT, and MTG were co-iontopho- 
resed with 5-HT during iontophoretically pulsed Glu. As shown 
in Figure 6, application of MTS or MTT attenuated the 5-HT- 
elicited reduction of Glu responses in the LC (1 l/15 and 4/5 
neurons, respectively). More specifically, MTS prevented effects 
of 5-HT on 3 of 4 neurons (Fig. 6A) and reversed 5-HT actions 
on 8 of 1 1 cells tested. Similarly, MTT prevented 5-HT effects 
on the 1 cell tested and reversed 5-HT for 3 of 4 cells (Fig. 6B). 
Quantitative analyses revealed that both MTS and MTT sig- 
nificantly reduced the effect of 5-HT on Glu responsiveness (p 

A 60 nA 100 no PITS 
I 5-HT 

B 60 “A 
Gh 

. . . . . . . . . . *a . . . . . . . . . . . . . . . . . . . . . . 20”,q 

B M T T  I 40 n..t 
5-Hr 

40 w 100 ,iA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E”‘,, 

Figure 6. Antagonists of 5-HT receptors attenuate effects of 5-HT on 
LC neurons. A, Attenuation of response to Glu (applied at solid circles) 
by 5-HT (applied at open bars) is prevented by prior and co-iontopho- 
resis of MTS (applied at so/id bars). B, Attenuation of response to Glu 
(applied at solid circles) by 5-HT (applied at open bars) is reversed by 
co-iontophoresis of MTT (applied at solid bar). Different neurons are 
shown in A and B. Calibrations are as in Figure 2. 

< 0.05 for each; n = 6 and 4, respectively; Fig. 7). As also seen 
in Figure 7, these agents tended to enhance Glu responsiveness 
in the presence of 5-HT above that seen without 5-HT (however, 
this effect was not significant; p > 0.10 for both). In addition, 
application of either MTS or MTT without 5-HT in some cases 
augmented Glu-evoked activity as well (data not shown). MTG 
increased noise in recordings and yielded apparent depolariza- 
tion with loss of the recorded spike either under Glu (5/5 cells) 
or when applied alone (3/5 cells); results with this agent were 
therefore excluded. 

5-HT 5-HT + MTS 5-HT 5-HT + MTT 

Figure 7. Effects of MTS or MTT on attenuation of Glu-evoked ac- 
tivity in the LC by 5-HT. Results are expressed as percentage (mean + 
SEM) of R,, (o/OR,,) elicited for Glu alone in the same neurons (see 
Fig. 5). Separate populations of cells were tested for MTS and for MTT. 
Both MTS (n = 6) and MTT (n = 4) antagonized the effect of 5-HT on 
responses to Glu: The R,,, for Glu observed with 5-HT plus the an- 
tagonist is significantly greater than the Glu R,,, observed with 5-HT 
alone (*, p < 0.05). See Materials and Methods for calculation of R,,,. 
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Discussion 

Selectivity and spec$icity of 5-HT actions in the LC. The present 
results demonstrate selective and specific effects of 5-HT on 
noradrenergic LC neurons. 5-HT was found to decrease Glu- 
evoked activation of LC cells by an average of about 50%. This 
effect of S-HT was selective in several ways: (1) 5-HT had only 
a small effect overall (14% decrease) on basal discharge of LC 
cells, with many cells remaining unaffected. Even the modest 
inhibition of tonic LC activity by 5-HT may reflect attenuation 
of Glu responses evoked either by Glu leakage from adjacent 
iontophoretic barrels (discussed above) or by a tonic Glu input. 
The previous finding that Kyn application produced a modest 
inhibition of LC activity (Ennis and Aston-Jones, 1988) is con- 
sistent with this latter possibility. (2) Unlike the marked decrease 
in Glu responses, 5-HT had no effect on excitatory responses 
of LC neurons to ACh and no effect on the R,,, for ACh. (3) 
Unlike 5-HT, NE applied to LC neurons with low iontophoretic 
currents reliably decreased basal discharge but did not substan- 
tially alter excitatory responses to either Glu or ACh. Due to 
its preferential attenuation of basal activity, NE yielded a sub- 
stantial increase in Glu and ACh R,,, of LC neurons. 

The effects of 5-HT in LC were found to be specific to 5-HT 
mechanisms: (1) Similar effects were seen for 5-HT applied by 
iontophoresis with or without compensating current, or when 
applied by micropressure. These results demonstrate that the 
effects observed for 5-HT were independent of the method of 
delivery and are not an artifact of iontophoretic currents. (2) 
The ability of 5-HT to attenuate responses of LC neurons to 
Glu was prevented and reversed by co-application of the 5-HT 
receptor antagonists MTT or MTS. Interestingly, MTT or MTS 
sometimes increased responsiveness to Glu when administered 
alone. While these agents may increase Glu responsiveness by 
mechanisms other than 5-HT antagonism, they fully reverse 
5-HT effects and exhibit a tendency to increase Glu respon- 
siveness above baseline even in the presence of 5-HT. These 
findings indicate that these agents may effectively block all 5-HT 
effects in the LC and may augment Glu responsiveness beyond 
baseline by antagonizing a tonic 5-HT input to the LC. It is also 
possible that they antagonize effects of 5-HT that may leak from 
the iontophoretic micropipette. It should be noted that MTT 
and MTS are not absolutely selective for 5-HT receptors, with 
MTT, in particular, exhibiting binding to histamine, cu-adren- 
ergic, and dopamine receptors as well (Leysen et al., 1981). 
Antagonism of 5-HT actions by these agents, therefore, suggests 
but does not definitively demonstrate that effects were exerted 
at 5-HT receptors in our experiments. However, other of our 
studies in progress (Charlety et al., 1990; Aston-Jones et al., 
1990a) reveal that 5-HT’s effects in the LC are mimicked by 
5-HT,, agonists, including 8-hydroxy-2-[N,N-dipropylamino]- 
tetralin (8-OHDPAT), RU24969, and buspirone, further sup- 
porting our conclusion that 5-HT attenuates Glu responses by 
acting at a 5-HT receptor (possibly of the 5-HT,, subtype). 

Previous studies of 5-HT in the LC. Segal(1979) reported that 
5-HT iontophoretically applied to LC neurons of anesthetized 
rats substantially decreased basal discharge rate. Although the 
effects of 5-HT on LC activity were not quantified in that study, 
it appears that more profound inhibition of spontaneous activity 
was found there than here. The reason for this difference is 
uncertain, but contributing factors may include differences in 

microiontophoretic electrode techniques, anesthetics, or exper- 
imental protocols. 

That previous study also found that 5-HT attenuated the 
response of LC neurons for noxious stimuli. We have reported 
that responses of LC neurons to noxious stimuli (such as from 
sciatic nerve activation or tail compression) are mediated by an 
EAA pathway to the LC from the rostra1 ventrolateral medulla 
(Aston-Jones and Ennis, 1988; Ennis and Aston-Jones, 1988; 
Chiang and Aston-Jones, 1989; Aston-Jones et al., 1990b). In 
view of this, our present results imply that 5-HT may block LC 
responses to painful stimuli, as reported by Segal (1979) by 
attenuating responses of LC neurons to EAAs. 

Intracellular studies by Bobker and Williams (1989) in vitro 
have revealed effects of 5-HT on LC neurons very similar to 
those reported here. Using electrical field stimulation ofthe peri- 
LC area in slices to elicit synaptic potentials in LC neurons, 
these investigators found that 5-HT attenuated both excitatory 
and inhibitory synaptic potentials without substantially affecting 
resting membrane properties. Because these synaptic potentials 
are mediated by Glu and GABA, respectively (Cherubini et al., 
1988) these findings indicate that 5-HT in vitro attenuates re- 
sponses of LC neurons to synaptically released Glu, similar to 
results obtained here for exogenously applied Glu in vivo. This 
slice study, however, found that the 5-HT, agonist 5-carbox- 
amidotryptamine was ineffective on responses to exogenously 
applied Glu, even though this agent potently attenuated Glu- 
mediated excitatory synaptic potentials. The reason for this dis- 
crepancy with our results is not apparent, but may have to do 
with their use of the in vitro slice preparation and bath appli- 
cation of pharmacologic agents. 

Interactions between 5-HT and EAAs in other brain areas. 
Studies in other brain areas have reported interactions between 
5-HT and EAAs similar to those found here in the LC. Krnjevic 
and Phillis (1963) reported that 5-HT attenuated responses of 
cortical neurons to iontophoretic Glu. Aghajanian and Bunney 
(1975) found that application of 5-HT to presumed dopami- 
nergic neurons of the substantia nigra attenuated responses to 
Glu while having no pronounced effect on spontaneous dis- 
charge; possible interactions of 5-HT with other neurotrans- 
mitters were not tested. Strahlendorf and colleagues (Strahlen- 
dorf and Hubbard, 1983; Lee et al., 1986) found that 
iontophoretically applied 5-HT had variable effects on spon- 
taneous discharge of cerebellar Purkinje cells, but that 5-HT 
consistently attenuated activation of cerebellar Purkinje cells by 
Glu, independent of effects on spontaneous activity. This action 
of 5-HT was antagonized by co-iontophoresis of MTS, indi- 
cating a specific effect at 5-HT receptors. Crepe1 and associates 
(Gardette et al., 1987) reported that 5-HT had differential effects 
on neurons in the deep cerebellar nuclei in vitro, increasing 
spontaneous discharge of most cells, but attenuating their re- 
sponses to iontophoretically applied EAAs. Persistence of those 
effects in low-calcium/high-magnesium solutions indicated a 
postsynaptic site of action. 

Although several studies have found that 5-HT attenuates 
responses to EAAs, other effects are reported for some CNS 
areas. Reynolds and colleagues (Reynolds et al., 1988) and Ne- 
dergaard et al. (1987) found that 5-HT increased the response 
of neocortical neurons to EAAs. In addition, facial (McCall and 
Aghajanian, 1979) and spinal motoneurons (White and Neu- 
man, 1980, 1983) have been reported to exhibit increased re- 
sponsiveness to Glu as a result of 5-HT exposure. These 5-HT 
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effects on motoneurons do not appear to be specific to EAAs, 
but rather, may result from overall increased neuronal excit- 
ability subsequent to a 5-HT-induced decrease in resting K-con- 
ductance (VanderMaelen and Aghajanian, 1980, 1982). Thus, 
the interaction between 5-HT and EAAs differs for different 
brain areas. 

Mechanism of 5-HT actions in the LC. The selective atten- 
uation of Glu or kainate responses by 5-HT resembles the action 
expected of an EAA antagonist. In fact, there is a marked sim- 
ilarly between the actions of S-HT and the EAA antagonist Kyn 
in the LC, as seen in Figure 2B. However, the attenuation of 
Glu-evoked LC activity by 5-HT was prevented and antago- 
nized by the 5-HT antagonists MTS and MTT, suggesting that 
5-HT receptors specifically mediate this response. Additional 
studies with more selective 5-HT agents support this conclusion 
and indicate that a 5-HT,, receptor is primarily involved (Char- 
lety et al., 1990; Aston-Jones et al., 1990). Therefore, 5-HT is 
probably not acting as an EAAantagonist in the LC. In addition, 
analysis revealed a strong positive correlation between the de- 
gree of attenuation of the Glu Rmag by 5-HT and the Glu R,,, 
before 5-HT application. This result indicates that 5-HT may 
not have acted at the same receptor site as Glu, because such a 
correlation would not be expected for competitive antagonism. 

The precise site of action of 5-HT in attenuating Cm-evoked 
activity in the LC is uncertain. Microiontophoretic or micro- 
pressure application of 5-HT assures that effects are mediated 
within the LC, but does not discriminate between possible pre- 
or postsynaptic sites ofaction. Because 5-HT has no pronounced 
effect on resting LC activity but primarily acts to attenuate 
activity evoked by Glu, to operate presynaptically, 5-HT would 
presumably block neurotransmitter release evoked presynapti- 
tally by iontophoretic Glu. In preliminary experiments to test 
whether activation of LC neurons by Glu was mediated by a 
presynaptic action, we continuously iontophoresed Mg (to de- 
crease release of neurotransmitter from presynaptic terminals) 
and pulsed Glu. Mg had variable effects in the LC, frequently 
decreasing spontaneous and Glu-evoked activity to a similar 
extent, perhaps reflecting decreased LC excitability. However, 
there was no preferential decrease of Glu responses compared 
to baseline activity. Because Glu remained relatively effective 
in the presence of Mg, these results suggest that iontophoretic 
Glu acts, at least in part, directly on LC cells, and that 5-HT 
therefore acts to some extent postsynaptically on LC neurons 
as well. However, because the effectiveness of iontophoretic or 
micropressure application of Mg in attenuating transmitter re- 
lease in vivo is uncertain, these conclusions must remain ten- 
tative. 

Results of in vitro studies where 5-HT agonists attenuated 
synaptic potentials mediated by Glu, but not depolarizations in 
response to exogenous Glu application, led Bobker and Williams 
(1989) to conclude that 5-HT acts presynaptically to block Glu 
release from nerve terminals innervating the LC. However, if 
in our study 5-HT blocks transmitter release evoked by Glu, it 
is unclear why such Glu-evoked transmitter release was not 
observed in their study, or why, if such a release occurred, it 
was not blocked by 5-HT. There are many possible explanations 
for the differences between our results, including unknown but 
perhaps important differences between LC properties in vitro 
and in vivo. Further experiments are necessary to determine the 
precise site(s) of action of 5-HT in the LC. 

Functional implications. The present results indicate that 5-HT 

acts primarily to modulate the response of LC neurons to other 
inputs rather than independently increasing or decreasing their 
discharge. Furthermore, the selective interaction of 5-HT with 
responses of LC neurons to Glu, while having little effect on 
their tonic, spontaneous discharge or on their responsiveness to 
another neurotransmitter (ACh), indicates that 5-HT may se- 
lectively filter or gate certain afferents to the LC. 

Although several investigators have proposed that the dorsal 
raphe provides the bulk of 5-HT input to the LC (Palkovits et 
al, 1977; Segal, 1979; Leger et al., 1980; McRae-Degueurce and 
Milon, 1983; Imai et al., 1986); recent studies employing ret- 
rograde and anterograde transport (Aston-Jones et al., 1986, 
1990; Pieribone and Aston-Jones, 1988; Pieribone et al., 1988) 
as well as lesions (Pieribone et al., 1989) have found that dorsal 
raphe 5-HT neurons do not substantially innervate the LC. 
Recent experiments employing retrograde transport of lectin- 
coupled gold particles discretely injected into the LC combined 
with immunohistochemistry indicate that local 5-HT neurons 
in the pericoerulear central gray substantially innervate the LC 
(Pieribone and Aston-Jones, 1990). Thus, local circuit neurons 
may provide the endogenous 5-HT input to selectively modulate 
LC responsiveness as described herein. 

Two functionally distinct events have been shown to activate 
the LC by an EAA input to the LC. Ennis and Aston-Jones have 
demonstrated that the characteristic activation of LC neurons 
by electrical footpad stimulation of the sciatic nerve is due to 
an EAA input, with intracerebroventricular (Ennis and Aston- 
Jones, 1988) as well as with local (Aston-Jones and Ennis, 1988) 
EAA antagonists acting to block this response. These results 
have recently been confirmed by others (Rasmussen and Agha- 
janian, 1989a,b). The second EAA influence on LC neurons 
occurs during morphine withdrawal, as evidenced by the block- 
ade of characteristic withdrawal-induced hyperactivity of LC 
neurons by intracerebroventricular (Rasmussen and Aghajani- 
an, 1989b) or intracoerulear (Akaoka et al., 1990) application 
of the EAA antagonist Kyn. Studies are underway to examine 
whether 5-HT attenuates phasic sensory responses of LC neu- 
rons or their tonic activation during opiate withdrawal. Such 
possible modulation of LC sensory responses by 5-HT would 
be consistent with the previous results of Segal (1979). 

Inasmuch as LC and NE systems have been implicated in 
anxiety, fear, and startle (Davis et al., 1979; Redmond and 
Huang, 1979; Adams and Geyer, 198 1; Chamey and Redmond, 
1983; Chamey et al., 1983) the recent finding that some 5-HT- 
acting anxiolytics such as buspirone or gepirone block fear- 
potentiated startle (Kehne et al., 1988; Mansbach and Geyer, 
1988) may reflect, in part, an interaction of these compounds 
with 5-HT receptors in the LC. Indeed, in preliminary studies 
iontophoretic buspirone attenuates responses of LC neurons to 
Glu, similar to results reported here for 5-HT (Charlety et al., 
1990). 

It is significant for the present findings that EAAs are the most 
prominent input to the LC from its major afferent in the ven- 
trolateral medulla (Aston-Jones et al., 1986, 1990; Ennis and 
Aston-Jones, 1987, 1988; Aston-Jones and Ennis, 1988). This 
result, in view of the potent interaction observed here between 
5-HT and the response of LC neurons to EAAs, indicates that 
5-HT is in a position to potently and selectively modulate the 
response of the LC system to its functionally preeminent affer- 
ents. 
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